Protein aNOP10 has an essential scaffolding function in H/ACA sRNPs and its interaction with the pseudouridine())-synthase aCBF5 is required for the RNA-guided RNA:)-synthase activity. Recently, aCBF5 was shown to catalyze the isomerization of U55 in tRNAs without the help of a guide sRNA. Here we show that the stable anchoring of aCBF5 to tRNAs relies on its PUA domain and the tRNA CCA sequence. Nonetheless, interaction of aNOP10 with aCBF5 can counterbalance the absence of the PUA domain or the CCA sequence and more generally helps the aCBF5 tRNA:)55-synthase activity. Whereas substitution of the aNOP10 residue Y14 by an alanine disturbs this activity, it only impairs mildly the RNA-guided activity. The opposite effect was observed for the aNOP10 variant H31A. Substitution K53A or R202A in aCBF5 impairs both the tRNA:)55-synthase and the RNA-guided RNA:)-synthase activities. Remarkably, the presence of aNOP10 compensates for the negative effect of these substitutions on the tRNA: )55-synthase activity. Substitution of the aCBF5 conserved residue H77 that is expected to extrude the targeted U residue in tRNA strongly affects the efficiency of U55 modification but has no major effect on the RNA-guided activity. This negative effect can also be compensated by the presence of aNOP10.
INTRODUCTION
Isomerization of uridine into pseudouridine (5-ribosyluracil, É) is a prevalent post-transcriptional modification of cellular RNAs (1) and this modified residue is frequently found in functionally important RNA regions. Consistently, an important role of É residues was demonstrated for specific codon-anticodon recognition and ribosome function (2) (3) (4) (5) (6) (7) (8) . Furthermore, one of the highly conserved É residue in U2 snRNA was found to play a key role in pre-mRNA splicing (9, 10) .
Two types of catalysts can generate É residues at specific sites in a pre-existing polyribonucleotide chains. One type consists in a single protein with an RNA:É-synthase activity. It recognizes specifically one or more RNA segments or motifs and converts the targeted U residues within these segments into É residues. A large panel of such RNA:É-synthases are found in most cell types and they are up to now the unique system detected in bacteria (11) . These bacterial RNA:É-synthases were the first to be characterized (12) (13) (14) (15) . The search for their homologs by inspection of various genomes led to the classification of these enzymes into five families, TruA, TruB, TruD, RsuA, RluA (16) (17) (18) . Based on sequence alignment and 3D structure analysis of the catalytic domains of several RNA:É-synthases, five conserved structural motifs (I, II, IIa, III and IIIa) were identified and they represent the signature for RNA:É-synthases activity (16, 19, 20) . Although only a limited number of amino acids in these motifs are conserved, these motifs have highly conserved conformations in the 3D structures established for RNA:É-synthases (11) . The few conserved amino acids play important roles for catalysis: a universally conserved aspartate residue in motif II is the essential catalytic amino acid (17, (21) (22) (23) (24) . A conserved basic residue (Arg or Lys) in motif III makes a salt bridge with the catalytic Asp residue. A conserved Tyr residue in motif IIa has a stacking interaction with the uracyl residue to be modified in the target RNA (25) . Two other hydrophobic residues, a leucine in motif IIIa and an isoleucine or a valine residue in motif III, are also highly conserved, but their functional implication in the catalytic mechanism is less understood (19, 25) .
In the various RNA:É-synthases identified up to now, the conserved catalytic domain is associated with a large variety of additional domains, which are likely involved in the specific recognition of the target RNA motif. One of these domains, the PUA domain (PseudoUridine and Archaeosine tRNA guanine transglycosylase), has largely been studied. It is found at the C-terminus of members of the TruB family of RNA:É-synthases (25) (26) (27) (28) (29) (30) . As deduced from the crystal structure of the complex formed between the Escherichia coli TruB enzyme and the T stem-loop structure of tRNA (31) , the PUA domain is expected to play a key role in RNA recognition by interacting with the CCA 3 0 -terminal sequence of tRNAs (25) . This proposed interaction of TruB with a sequence common to all tRNAs fits with the general activity of TruB at position 55 of all elongator tRNAs.
The second type of catalyst for U to É conversion consists in RNP complexes containing a small RNA with H/ACA motifs (the H/ACA snoRNAs and scaRNAs in Eukarya and H/ACA sRNAs in archaea) and a welldefined set of proteins (32) (33) (34) . One of these proteins denoted aCBF5 in archaea, Cbf5p in yeast and CBF5/ NAP57/Dyskerin in human displays the characteristic motifs I, II, IIa, III and IIIa found in RNA:É-synthases and belongs to the TruB family of RNA:É-synthase (16, 19) . In each RNP, the RNA component base pairs with one or more targeted RNA sequences and through this interaction acts as a guide to specify the uridyl residues that will be modified (32) (33) (34) . Knowledge on the mechanism of the H/ACA RNPs activity is largely based on data obtained with the archaeal H/ACA RNPs that could be reconstituted using an in vitro transcribed RNA and recombinant proteins (35, 36) . In addition to the protein bearing the signature of RNA:É-synthases, each H/ACA RNP contains three distinct proteins (NOP10, GAR1 and NHP2 in human; Nop10p, Gar1p and Nhp2p in yeast; and aNOP10, aGAR1 and L7Ae in archaea). The three archaeal aCBF5, aNOP10 and aGAR1 proteins form an heterotrimer in solution (35, 36) . The 3D structures of the aCBF5-aNOP10 heterodimer and aCBF5-aNOP10-aGAR1 heterotrimer complexes were solved by X-ray crystallography (27) (28) (29) .
Very recently, the crystal structure of an entire archaeal box H/ACA sRNP was determined (30) . Through reconstitution experiments, we showed that in archaea the aCBF5-aNOP10 complex is the minimal set of proteins required to get an RNA-guided RNA:É-synthase activity (36) . However, the two other proteins aGAR1 and L7Ae both increase the efficiency of the catalytic reaction. Formation of an H/ACA sRNAaCBF5-aNOP10 complex depends upon aCBF5 association with the sRNA and the conserved ACA motif in the sRNA plays an essential role for this association (35, 36) . More precisely, the PUA domain of aCBF5 interacts with the ACA motif of H/ACA sRNAs (27, 30) . According to our previous reconstitution assays, formation of an sRNA-aCBF5-aNOP10 complex is required for binding of the RNA substrate and recent structural studies on NOP10 revealed its capability to bind RNA (37) . By in vitro reconstitution of H/ACA sRNPs with truncated aNOP10 proteins, we showed that its C-terminal half is sufficient for sRNP activity, whereas its N-terminal half reinforces the aCBF5-aNOP10 interaction (27) . The L7Ae protein binds a K-turn motif present in each stem-loop structures of the archaeal H/ACA sRNAs (35, 36, 38, 39) . The direct interaction of L7Ae with aNOP10 and the sRNA stabilizes the association of the other proteins with the sRNA (30) . In light of the higher rate of pseudouridylation observed in the presence of aGAR1, we proposed that protein aGAR1 might enhance the turnover of the reaction catalyzed by the sRNP (36) .
A recent in vitro study showed that in addition to its central role in the RNA guided activity of H/ACA sRNPs, the archaeal aCBF5 enzyme has the ability to convert residue U55 of an in vitro transcribed tRNA into a É residue (40) . This activity seems to be increased in the presence of the L7Ae, aNOP10 and aGAR1 set of proteins (40) . Altogether, these data revealed the ability of aCBF5 to act without guide RNA in case of a tRNA substrate. However, an in vivo dual role of aCBF5, as rRNA:É-synthase when included in H/ACA sRNPs and as tRNA:É55-synthase when acting as a free protein, is still not demonstrated since another archaeal RNA:É-synthase PusX/Pus10 is also able to catalyze U to É conversion at position 55 in tRNAs. Nevertheless, the capability of aCBF5 to act as a free protein and in sRNPs represented an opportunity: (i) to delineate the tRNA structures needed to get an activity of aCBF5 in the absence of guide RNA, (ii) to compare the aNOP10 and aGAR1 requirements for the guided and non guided activity of aCBF5, (iii) to compare the aCBF5 amino acid requirement for its guided and non-guided activity. Here, by site-directed mutagenesis of the Pyrococcus abyssi and Saccharomyces cerevisiae tRNAs, we show that a truncated version of tRNA including the acceptor and TÉC stem-loop structures linked by a flexible sequence is sufficient to get aCBF5 activity in the absence of a guide RNA. In the absence of the 3 0 terminal CCA, the aCBF5 activity becomes strictly dependent on either aNOP10 or aGAR1. Furthermore, by site-directed mutagenesis of both aNOP10 and aCBF5 we demonstrate distinct amino acid requirements for the RNA-guided and non RNAguided activities of aCBF5. The results obtained are discussed based on the 3D structures of the archaeal H/ACA sRNP proteins and their complexes.
MATERIALS AND METHODS

Production of protein variants
The aCBF5 D82A and CÁ(PUA) protein variants carrying, respectively, an Asp to Ala substitution at position 82 and a truncation of the PUA domain, were previously described (27, 36) . The PCR approach was used for site-directed mutagenesis of protein aCBF5 (K53A, H77A and R202A variants) and aNOP10 (Y14A, H31A and P32A variants). The sequence of the oligonucleotides used for the PCR reactions are available upon request.
Purification of recombinant proteins
Wild-type and variant aCBF5 and aNOP10 proteins as well as the aGAR1 and TruB proteins were produced as GST fusion proteins as previously described (36) . The GST moiety was removed by cleavage with the PreScission protease. The various proteins were stored at À808C in the following buffer 150 mM NaCl, 1 mM EDTA, 1 mM DTT, glycerol 10%, 50 mM Tris-HCl pH 7.
In vitro transcription of tRNAs, H/ACA sRNA and the sRNP target RNA Wild-type and mutated tRNA transcripts, the Pab91 H/ ACA sRNA and the RNA target RNA-S (36) were produced by in vitro transcription of PCR products. The forward primers used for PCR amplification generated the T7 RNA polymerase promoter. DNA templates for amplifications of sequences coding for the WT yeast tRNA Asp Asp variants (tRNA Asp -U55C) were produced by site-directed mutagenesis in the course of a PCR amplification. DNA templates for production of the P. abyssi Pab91 sRNA and its target RNA (RNA-S) were previously described (36) . The RNA transcripts were purified by denaturing gel electrophoresis. Labeling was done at their 5 0 end for EMSA experiments or during in vitro transcription by incorporation of [a-32 P]CTP for the pseudouridylation assays. Conditions for transcription and labeling were previously described (41) .
Electrophoresis mobility shift assays (EMSA)
EMSA were performed in the conditions previously described (36, 41) . Briefly, radiolabeled RNAs (50 fmol) were incubated in buffer D [150 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA and 20 mM HEPES (pH 7.9)] with proteins at a 200 nM concentration, at 658C for 10 min. To test for the association of the Pab91 sRNP with its target RNA (complex CII), 2.5 pmol of RNA-S were added. Complexes were visualized by autoradiography after fractionation by non-denaturing polyacrylamide gel electrophoresis.
In vitro pseudouridylation assay
The tRNA:É55-synthase activities of purified aCBF5 or H/ACA-RNP complexes were measured by the nearestneighbor approach in the conditions previously described (36, 41) . The RNA-guided activity of reconstituted H/ACA sRNPs was measured as previously described by mixing $4 pmol of Pab91 sRNA with $150 fmol of the [a-
32 P]CTP-labeled target RNA-S (36). The non-RNAguided reaction of aCBF5 on tRNA was tested on $50 fmol of [a-
32 P]CTP-labeled tRNAs. For both RNA-guided and non-RNA-guided reactions, samples were pre-incubated at 658C and the reaction was started by addition of the proteins (200 nM each). Aliquots were collected at different time points, the RNAs were extracted and then digested by RNase T2. The resulting 3 0 -mononucleotides were fractionated by thin-layer cellulose chromatography. The radioactivity in the spots was quantified using the ImageQuant software after exposure of a phosphorimager screen. The amount of É residue formed was determined taking into account the total number of U residues in the tRNA or RNA-S molecules. Some of the values given in the text are expressed with standard errors of the mean values. All the time-course analyses were repeated at least three times and gave reproducible data. Some control experiments were performed with the E. coli TruB recombinant protein. The same procedure was used to measure the activity, except that the reaction was performed at 378C.
Mapping the site of pseudouridylation in tRNAs
We used the N-cyclohexyl-N 0 -(2-morpholinoethyl)-carbodiimide metho-p-toluolsulfonate (CMCT) modification protocol of (42), adapted by (43) . CMCT modifications were performed with 0.5 mg of in vitro transcribed archaeal or yeast tRNA Asp . Positions of CMCT modifications were identified by primer extension analysis, using the AMV RT (QBiogene, USA) in the conditions previously described (44) and the primer oligonucleotides OG4891 for archaeal tRNA Asp and OG5302 for S. cerevisiae tRNA Asp ( Figure 1A1 and B1). Primers were 5 0 -end labeled using [g-32 P]ATP (3000 Ci/ mmol) and T4 polynucleotide kinase. RNA sequencing was done with 4 mg of in vitro transcribed RNA [for details on the technique, see (45) ].
RESULTS
The kinetics of U to É conversion at position 55 in tRNAs is enhanced in the presence of proteins aNOP10 and aGAR1
Previous studies revealed a U to É conversion activity of the P. furiosus aCBF5 protein at position 55 in the P. furiosus tRNA Asp (GUC), i.e. a tRNA:É55-synthase activity. Such an activity is enhanced in the presence of the aNOP10, aGAR1 and L7Ae proteins set (40) . For a deeper understanding of these activation properties, here we quantified the relative stimulation effects of proteins aNOP10, aGAR1 and L7Ae alone and in various combinations, on the tRNA:É55-synthase activity of aCBF5. The assays were performed with the P. abyssi recombinant proteins aCBF5, aNOP10, aGAR1 and L7Ae, and with both P. abyssi tRNA Asp (GUC) and S. cerevisiae tRNA Asp (GUC) substrates ( Figure 1A1 and B1). We used the nearest neighbor and the RT-CMCT approaches in order to verify that modifications occurred only at position 55 in tRNAs. For the nearest-neighbor approach, both substrates were labeled by incorporation of [a-32 P]CTP during transcription. After the pseudouridylation reactions, the tRNA transcripts were digested with RNase T2 and the products were fractionated by 2D chromatography ( Figure 1A2 and B2). CMCT modifications followed by alkaline treatments were performed on cold RNA transcripts, and positions of modifications were identified by reverse transcription ( Figure 1A3 and B3) using oligonucleotide primers that were complementary to the 3 0 terminal sequence of tRNAs ( Figure 1A1 and B1). The pseudouridylation reaction was performed at 658C, for 80 min using a 200 nM concentration of each protein. Time point experiments were performed on the P. abyssi tRNA Asp with: (i) aCBF5 alone, (ii) aCBF5 in the presence of aNOP10 or aGAR1, or of both proteins and (iii) aCBF5 in the presence of aNOP10 and L7Ae, or the three L7Ae, aNOP10, aGAR1 proteins. Aliquots of the reaction mixtures were analyzed after 5, 10, 20, 40 and 80 min of incubation ( Figures 1A4 and S1 ). For comparison, a time point experiment was performed at 378C with a recombinant E. coli TruB enzyme ( Figure 1A2 ).
Altogether, the results obtained demonstrated that protein aCBF5 is able to modify the P. abyssi and S. cerevisiae tRNA Asp at the same high level after 80 min of incubation ($0.85 mol AE 0.05 and $0.9 mol AE 0.05 of É per mol of tRNA, respectively). In both cases, only a slight increase of the level of modification was observed in the presence of aNOP10 and aGAR1 ( Figure 1A2 and B2). However, as evidenced by the time point experiments, although the kinetics of the reaction with aCBF5 at 658C is very fast compared to that for TruB at 378C, it was markedly increased in the presence of aNOP10 or aGAR1. On the contrary, protein L7Ae showed no stimulatory effect (see Supplementary Data, Figure S1 ), which is in contrast to data obtained for the sRNA-guided activity of aCBF5 (35, 36) . The CMCT analysis did confirm that aCBF5 acted only at position 55 in both tRNAs. Finally, we confirmed the general capability of aCBF5 to act at position 55 in tRNAs by using other archaeal and bacterial transcripts as the substrates (data not shown).
Altogether, we concluded that aCBF5 has the ability to modify various tRNAs at position 55 and this independently of the organisms from which they originate. The reaction is very rapid and is nearly complete after a 15-min incubation. However, the kinetics of this reaction is markedly increased in the presence of aNOP10 or aGAR1. In this case, the reaction is completed after a 7-min incubation. Furthermore, the catalytic property of aCBF5, alone or acting in the presence of aNOP10 and aGAR1 is highly specific of position 55.
Proteins aNOP10 and aGAR1 have a strong stimulatory effect on É55 formation in the absence of the aCBF5 PUA domain or of the tRNA 3' terminal CCA motif Our previous data on the sRNA guided activity of aCBF5 revealed a strong importance of the PUA domain of aCBF5 for this activity and a negative effect of mutations in the ACA sequence of the H/ACA sRNA (27) . The recent crystal structure of an H/ACA sRNP demonstrated a direct contact of the PUA domain with the ACA motif (30) . Therefore, we tested whether the PUA domain was also required for the activity of aCBF5 at position 55 in tRNAs. As shown in Figure 2 , no U to É conversion occurred in the P. abyssi tRNA Asp when it was incubated with an aCBF5 protein lacking the PUA domain (CÁ(PUA)). Interestingly, this tRNA:É55-synthase activity was partially restored in the presence of the aNOP10 and aGAR1 proteins pair (CÁ(PUA)NG). However, the kinetics was slower and the efficiency of modification after 80 min was lower. The individual aNOP10 and aGAR1 proteins had similar but very low capabilities to restore the tRNA:É55-synthase activity of the truncated aCBF5 protein ( Figure 2 ).
As previous data had revealed the absence of aCBF5 activity on a tRNA lacking the 3 0 terminal CCA motif (40), we tested whether aNOP10 or aGAR1 or both proteins can compensate for the absence of this motif ( Figure 3 ). We found in this case that individual aNOP10 or aGAR1 can restore a strong aCBF5 activity (CN and CG, respectively) at position 55 of tRNAs and this activity was reinforced to some extent when the two proteins were present (CNG). Remarkably, modification with the CNG complex was almost complete after a 10-min incubation, even in the absence of the CCA motif ( Figure 3 ). The truncated tRNA was modified at a slower rate and lower yield, when TruB was used as the catalyst. Taken together, the data revealed a very important role of the PUA domain for the aCBF5 tRNA:É55-synthase activity and showed the capability of the aNOP10-aGAR1 protein pair to compensate partially for its absence. Moreover, the presence of the auxiliary proteins fully restores the aCBF5 activity in the absence of the tRNA CCA 3 0 terminal motif.
The aNOP10-aGAR1 protein pair can compensate for severe truncations in tRNAs As we found that aNOP10 and aGAR1 can compensate for CCA deletion, we wondered whether they can compensate for more severe truncations in tRNAs. As aCBF5 was acting on the S. cerevisiae tRNA Asp , and as several variants of this tRNA had already been produced ( Figure 4A1 ), we tested the capability of aCBF5 (C) and the aCBF5-aNOP10-aGAR1 complex (CNG) to convert U55 into a É residue in these truncated tRNAs ( Figure 4A2 ). In RNAs ÁT-tRNA Asp , Áa.c.-tRNA Asp and ÁD-tRNA Asp , the T stem-loop, the anticodon stem-loop, and the D stem-loop were deleted, respectively. The acceptor stem was truncated in RNA Áacceptor-tRNA
Asp , but the CCA 3 0 -terminal motif was conserved ( Figure 4A1 ). Obviously, no É formation was detected in the ÁT-tRNA Asp substrate which was lacking residue U55. Only a very low level of modification was detected in the Áa.c.-tRNA Asp when aCBF5 was used alone, while a high level of modification was detected when aNOP10 and aGAR1 were present in the incubation mixture ( Figure 4A2 ). Similarly, no modification of the Áacceptor-tRNA Asp substrate was observed when the incubation was performed with aCBF5 alone, whereas almost a complete modification was detected for these two Interestingly, the ÁD-tRNA Asp was modified by aCBF5 at a high level in absence of the auxiliary proteins ( Figure 4A2 ). As expected from previous data (46), TruB was able to modify a tRNA lacking the acceptor stem without the need for auxiliary proteins. Based on the activity of aCBF5 alone on the ÁD-tRNA Asp , we concluded that aCBF5 alone, like TruB, does not need the tRNA 3D structure for activity. However, in contrast to TruB, to act alone aCBF5 needs the presence of its target T stem-loop but also the anticodon stem-loop and the acceptor stem.
Roovers et al. (40) had found that aCBF5 does not modify a truncated P. furiosus tRNA Asp that contains the acceptor stem fused to the T stem-loop. We confirmed that for an equivalent P. abyssi substrate, no activity was restored upon addition of the aNOP10-aGAR1 protein pair (data not shown). However, as aCBF5 was active on the yeast ÁD-tRNA
Asp substrate, we postulated that flexibility between the acceptor stem and the T stem-loop might be an important feature for aCBF5 activity. Therefore, we produced a truncated RNA substrate (semi-tRNA Asp ) by truncation of the P. abyssi tRNA Asp , which contained a UGAC single-stranded sequence acting as a flexible link between the acceptor stem and the T stem-loop ( Figure 4B1 ). The aCBF5 protein alone had a modest but significant activity on this substrate (mean value <0.2 mol.mol À1 ). This activity was abolished in the absence of the 3 0 terminal CCA sequence ( Figure 4B2 ). However, in the presence of the aNOP10-aGAR1 protein pair both the semi-tRNA Asp and semi-tRNA Asp -ÁCCA lacking the 3 0 terminal CCA sequence were almost completely modified. As expected, TruB was active on both substrates in the absence of auxiliary proteins. Hence, we concluded that the aCBF5-aNOP10-aGAR1 heterotrimer, but not aCBF5 alone, has catalytic properties similar to that of TruB.
aNOP10 reinforces the formation of aCBF5-tRNA complexes
As the aNOP10 stimulatory effect on the aCBF5 activity seemed to consist in an increase of the kinetics of the reaction (36), and as aNOP10 was known to bind RNA (30,37), we hypothesized that aNOP10 might facilitate the association of aCBF5 with the tRNA substrate. To test 
S. cerevisiae ∆D-tRNA Asp Figure 1A1 ). The variant semi-tRNA Asp -ÁCCA with a deletion of the CCA sequence and the variant semi-tRNA Asp -U55C with a U to C substitution are shown. (A2 and B2) 2D-TLC analysis of É formation by aCBF5, the aCBF5-aNOP10-aGAR1 complex or TruB, in the various truncated tRNAs. The same experiments conditions as in Figure 1A2 and B2 were used. this possibility, we estimated by EMSA experiments the level of complexes formed by the association of aCBF5 with a 32 P-labeled P. abyssi tRNA Asp . The tests were performed in the presence or absence of aNOP10 ( Figure 5 ). The level of complex formation was increased by a factor of $4 in the presence of aNOP10 ( Figure 5 , compare lane 2 with lane 3), whereas no significant increase was observed in the presence of aGAR1 (data not shown). As aCBF5 is known to interact with the ACA conserved sequence of H/ACA sRNAs, we compared the affinity of aCBF5 for the WT tRNA Asp to that for a tRNA carrying an ACA triplet instead of the CCA triplet. The affinity of aCBF5 was indeed largely increased in the presence of an ACA triplet ( Figure 5 , compare lane 2 with lane 5) and aNOP10 did not increase the level of complex formation in this case ( Figure 5, lane 6) . Therefore, the stimulatory effect of aNOP10 on the kinetics of aCBF5 action on tRNAs may in part be due to its capability to facilitate the aCBF5-tRNA interaction. As previously observed for the aCBF5-RNA-guided activity, the stimulatory effect of aGAR1 on the aCBF5 activity is likely of another nature.
The conserved H31 and P32 residues in aNOP10 have different implications for the RNA-guided and non-RNA-guided activities of aCBF5
Based on the 3D structures established for the aCBF5-aNOP10 dimer and the aCBF5-aNOP10-aGAR1 trimer, the direct interactions between some conserved residues in the central flexible linker of aNOP10 ( Figure 6A ) with conserved residues of aCBF5 were proposed to influence the sRNA-guided activity of aCBF5 (28, 29) . In particular, the aNOP10 residues Y14 and H31 were found to form hydrogen bonds with residues E199 and R201 which are present in the b12 strand of aCBF5 ( Figure 6B) (29) . These interactions were proposed to influence the orientation of the side-chain of residue R202 that is located on the opposite face of the b12 strand. Interestingly, in the crystal structure of the complex formed between the E. coli TruB RNA:É-synthase and a tRNA T stem-loop, the counterpart of residue R202 was proposed to interact with the phosphate on the 5 0 side of the targeted uridine (31). On the other hand, in the aCBF5-aNOP10 complex, residue P32 in the aNOP10 flexible linker was found to interact by Van der Waals interaction with the conserved residue P54, which is located in motif I of aCBF5 ( Figure 6C ). This interaction was proposed to facilitate the formation of an hydrogen bond between residue K53 and the carbonyl oxygen of the catalytic residue D82 (28) .
In light of these structural data, we used alanine substitutions to test for the relative importance of residues Y14, H31 and P32 for the RNA-guided and non-RNAguided activities of aCBF5. Aiming at this, the stimulatory effects of each aNOP10 variant (Y14A, H31A and P32A) on the aCBF5 activity were tested on both the P. abyssi tRNA Asp lacking the CCA sequence ( Figure 6D ) and the RNA-S substrate (RNA target) of the P. abyssi Pab91 sRNPs ( Figure 6F ). To this end, sRNPs were reconstituted with each of the variant aNOP10 proteins. Whereas the H31A substitution had only a limited effect on the kinetics and the yield of É55 formation in the archaeal tRNA Asp (Figure 6D ), the Y14A substitution strongly slowed down the kinetics of this modification and the P32A substitution had a negative effect on the modification yield ($0.7 mol of É per mole of tRNA, instead of $0.9 mol of É per mole of tRNA in the presence of the WT aNOP10 protein). Interestingly, the Y14A and P32A variants only had a limited effect on the sRNA-guided activity of aCBF5 ( Figure 6F ). The H31A mutation was in contrast strongly deleterious for this activity: only $0.2 mol of É per mole of target RNA was obtained after a 80 min incubation. Hence, mutations in aNOP10 have marked different effects on the RNA-guided and non-RNA-guided activities of aCBF5.
To try to define the reasons for the observed differences, we tested by EMSA the ability of the aNOP10 variant proteins to reinforce the aCBF5 association with the P. abyssi tRNA Asp and with the Pab91 sRNA and its target RNA sequence ( Figure 6E and G). In agreement with the time-course results, both Y14A and P32A aNOP10 variants were less efficient ($0.5-fold) than the H31A aNOP10 variant and the WT aNOP10 protein for increasing the aCBF5 association with the tRNA (Figure 6E ). On the contrary, only the H31A variant had a dramatic effect on the yield of complex CII (sRNA-L7Ae-aCBF5-aNOP10-RNA target) formation, suggesting that the H31A mutation has an important negative effect on substrate recruitment in the H/ACA sRNP. Therefore, we concluded that whereas residues Y14 and P32 are highly important for the aCBF5 tRNA:É55-synthase activity, residue H31 plays an essential role in substrate recruitment in the sRNA-guided activity of aCBF5.
aNOP10 and aGAR1 can compensate for R202A and K53A mutations in aCBF5 for the non-guided but not for the RNA-guided activity
Next, we tested the role of the aCBF5 residues R202 and K53 whose functions in the catalytic activity were proposed to be modulated by the aNOP10 residues H31 and Y14, and by residue P32, respectively (28, 29) . The aCBF5 variants R202A and K53A were produced, and the effect of each substitution was tested on both RNA-guided and non-RNA-guided activities. As evidenced in Figure 7A1 , both R202A and K53A substitutions in aCBF5 abolished its activity at position 55 in the P. abyssi tRNA Asp . However, this activity was fully restored upon addition of aNOP10 and aGAR1 in the incubation mixture ( Figure 7A3 ). Here again, as evidenced by EMSA, the defect of activity observed for CBF5 alone was at least in part due to its low affinity for the tRNA ( Figure 7A2 ). The addition of aNOP10 enhanced the association of aCBF5 with the tRNA, which likely explains the restoration of the tRNA:É55-synthase activity. Hence, residues R202 and K53 likely play a role in tRNA association and aNOP10 can compensate for their mutations. In contrast, aNOP10 and aGAR1 were not able to compensate the negative effect of the R202A and K53A mutations in aCBF5 for the Pab91 sRNP activity ( Figure 7B1) , and here again, the low activity of the reconstituted sRNPs could be explained by a defect in substrate recruitment as the CII complex was formed at lower yields and displays a peculiar electrophoretic mobility ( Figure 7B2, lanes 7 and 9) . Hence, we concluded that residues K53 and R202 are important for tRNA binding in the non-RNA-guided system and for recruitment of the RNA substrate in the RNA-guided system. However, in this latter case, aNOP10 and aGAR1 cannot compensate for the absence of these residues. Therefore, residues R202 and K53 appear to play a more crucial role in the RNA-guided than in the non-RNA-guided system.
For both the RNA-guided and non-RNA-guided activities, the aCBF5 conserved residue H77 is dispensable in the presence of aNOP10 and aGAR1
In the E. coli TruB enzyme, residue H43 was proposed to be involved in the flipping of residue U55 out of the helical stack (31) . The counterpart of residue H43 in aCBF5 is residue H77. As expected, the H77A mutation in aCBF5 almost completely impaired the aCBF5 activity on tRNA ( Figure 7A1 ) and this is also likely to be explained by the lower affinity of aCBF5 for the tRNA ( Figure 7A2 ). However, this activity could be restored in the presence of aNOP10 and aGAR1 ( Figure 7A3 ) and we showed that protein aNOP10 restored an efficient association of aCBF5 with the tRNA (Figure 7A2) . Interestingly, the H77A mutation had a very limited effect on the Pab91 sRNP activity ( Figure 7B1 ) consistent with an efficient recruitment of the RNA substrate observed for this variant ( Figure 7B2 ). Hence, we concluded that residue H77 does not play an essential role for the aCBF5 RNA:É-synthase activity, provided that the aNOP10 and aGAR1 proteins are present.
DISCUSSION
The present data shed light on common and specific properties of aCBF5 and TruB. They also bring a comparative analysis of the sRNA-guided and nonguided activities of aCBF5. Finally, they delineate the role of aNOP10 in the aCBF5 non-guided activity.
The major role of the PUA domain in tRNA recognition by aCBF5
Interestingly, we found that aCBF5 does not modify the Áa.c.-tRNA Asp and Áacceptor-tRNA Asp but can act on the ÁD-tRNA Asp . Therefore, like for TruB, the 3D structure of tRNA is not required for recognition of the targeted U residue in tRNAs by aCBF5. However, in addition to the T stem-loop, both the anticodon stem-loop and acceptor stem contain determinants which are necessary for aCBF5 activity on tRNAs. By these extended structural requirements, aCBF5 differs from TruB, that is able to use the T stem-loop alone as a substrate (46) . This different behavior may be due to variations in both the catalytic and PUA domains of aCBF5 compared to the ones of TruB. The importance of the PUA domain for the aCBF5 tRNA:É55-synthase activity is demonstrated by abolition of this activity upon PUA truncation. Previous data also revealed the strong importance of the PUA domain for H/ACA sRNP activity (27) . Consistently, in the H/ACA sRNP structure, numerous protein contacts take place with the minor groove of the P1 stem and the conserved ACA motif (30) . Although no 3D structure was established for an H/ACA sRNP bound to its substrate, recent NMR data (47, 48) suggest that the heterologous helix P1S, which is formed by interaction of the 3 0 strand of the pseudouridylation pocket and the target RNA, is coaxially stacked on helix P1 of the sRNA and altogether these two helices contain a rather conserved number of base pairs (10-12).
or variants H31A (filled triangle), Y14A (filled square), P32A (filled inverted triangle) of aNOP10 protein in the tRNA-ÁCCA. Experiments were performed as in Figure 1A4 . (E) Analysis by EMSA of the complexes formed with the radiolabeled tRNA Asp , the aCBF5 protein with or without the WT or variant Y14A, H31A and P32A aNOP10 proteins. (F) Time-course analysis of the RNA-guided É formation in an RNA target. The previously described Pab91 sRNA target (36) was radiolabeled during transcription by incorporation of [a- Figure 6F with the wild type or variant K53A, H77A and R202A aCBF5 proteins. (B2) Analysis by EMSA of the RNP5 and CII complexes. The experiments were performed as in Figure 6G , except that the variant aCBF5 proteins are used.
The heterologous helix P2S, that is formed with the 5 0 strand of the pseudouridylation pocket, is basically stacked with the upperstem of the sRNA (P2) (47, 48) . The similarity between the T stem-loop structure recognized by TruB and the P2S heterologous helix formed by the guide RNA and the RNA substrate was pointed out (30, 31) . The tRNA acceptor stem flanked by the CCA motif would correspond to helix P1 of the sRNA and its conserved ACA motif, respectively. Based on this assumption, the finding that helix P1S, but not P2S, is stacked on the P1 stem of the sRNA can explain the requirement of a flexible link between the T and acceptor stem for aCBF5 activity. On the basis of this model of interaction between aCBF5 and tRNAs, the CCA motif of the tRNA, referred to the PUA domain, likely has the same position as the conserved ACA motif of H/ACA sRNAs (30) . Therefore, like in TruB, the PUA domain of aCBF5 may interact with both the T and acceptor stems and the CCA motif, which explains the requirement of the acceptor stem and the 3 0 terminal CCA for activity of the free aCBF5 protein (Figures 3 and 4) . It should be pointed out that although TruB is active on the T stem-loop alone, the solved 3D structures of the RNA free and RNA bound TruB revealed, that upon tRNA binding, the PUA domain in TruB moves towards the active site and also makes interactions with residues of the acceptor stem (25) . In the H/ACA sRNP structure, the two conserved adenosines of the ACA motif developed both stacking interactions and hydrogen bounds with several residues of the aCBF5 PUA domain. In particular, the 5 0 proximal A residue inserts into an RNA-protein hybrid pocket formed between ribose moieties of the RNA minor groove and protein residues (30) . Pocket formation is induced by RNA binding. Our gel-shift assays demonstrate a lower affinity of aCBF5 for a tRNA with an authentic CCA 3 0 terminal sequence compared to a mutated tRNA with an ACA 3 0 terminal sequence. Hence, an important issue would be to know how the RNA-protein interaction takes place when the proximal A residue in ACA is replaced by a C residue. The lower affinity for a CCA sequence compared to an ACA sequence may explain the needed interaction with the anticodon stem-loop for full activity of the free aCBF5 enzyme. This interaction may mimic that of aCBF5 with helix P2 in the sRNP. Interestingly, ACA to CCA substitution in a sRNA decreased substantially the amounts of aCBF5-sRNA complexes (data not shown). As aCBF5 is expected to have evolved from a preexisting free standing enzyme, it would be interesting to investigate by 3D structure analysis of an aCBF5-tRNA complex, how the PUA domain of the pre-existing enzyme evolved in order to recognize both tRNAs and sRNAs.
It should also be pointed out that another possible explanation for the absence of activity on tRNAs of an aCBF5 without PUA domain may be the low thermostability of the truncated protein. Indeed, in contrast to the full-length aCBF5, the truncated aCBF5 cannot be enriched in the E. coli cellular extract by heating at 658C. It precipitated with the E. coli proteins. Therefore, the PUA domain of aCBF5, which is wrapped by the N-terminal extremity of the molecule, likely plays an important role for aCBF5 thermostability.
Proteins aNOP10 and aGAR1 but not L7Ae reinforce the activity of aCBF5 on tRNAs
Whereas the individual addition of aNOP10 or aGAR1 stimulates the kinetics of aCBF5 activity on tRNA (Figure 1 ), no stimulatory effect was detected in the presence of L7Ae ( Figure S1 ). A reasonable explanation is the absence of stable interaction between aCBF5 and L7Ae, while both aNOP10 and aGAR1 directly interact with this protein, as well in the presence, as in the absence of sRNA (35, 36) . Indeed, a direct interaction is formed between aNOP10 and L7Ae in the H/ACA sRNP structure (30) , but this interaction is not stable by itself, it depends upon the binding of L7Ae on the K-turn or Kloop structure of the H/ACA sRNA. Based on these observations, it is reasonable to propose that aCBF5 can either act alone on tRNAs or in association with aNOP10 and aGAR1 in vivo. In vitro, the stimulatory effects of both aNOP10 and aGAR1 are particularly strong for tRNAs lacking the CCA sequence ( Figure 3 ) and each of these proteins can compensate for the absence of this sequence. Therefore, it might be that in archaeal cells, the aCBF5-aNOP10, aCBF5-aGAR1 or aCBF5-aNOP10-aGAR1 complexes would modify archaeal tRNA precursors, before activity of the CCA-terminal transferase (49) .
Our gel-shift assays strongly suggest that the activation property of aNOP10 on aCBF5 results in part from its capability to increase tRNA binding to aCBF5. In the 3D structure of an H/ACA sRNP, aNOP10 only forms a few contacts with the guide sRNA (30) . However, aNOP10 is required for an efficient association of the substrate RNA on the complex formed by the guide sRNA and aCBF5 (36) . Similarly, the tight interaction that aNOP10 established with aCBF5 (27) (28) (29) (30) probably favors the tRNA recruitment ( Figure 5 ). This aNOP10 activity together with the peculiarity of the aCBF5 PUA domain may compensate for the absence of the Ins1 and Ins2 segments in the aCBF5 catalytic domain as compared to the TruB catalytic domain. The Ins1 and Ins2 segments play a crucial role for TruB activity, since Ins2 forms the floor of the TÉC loop binding cavity and the Ins1 a binding thumb clamping this loop in the cavity (31) . The disappearance of these two segments in aCBF5 is likely required to accommodate in the active site the sRNP fourhelix-bundle structure formed upon annealing of a target RNA to the sRNA pseudouridylation pocket. The lack of Ins1 and Ins2 segments in aCBF5 may explain the strong requirement for the CCA 3 0 '-terminal motif, the acceptor stem and anticodon stem-loop for full activity of the free aCBF5 protein on tRNAs. It also likely explains the enhancer effect on activity of aNOP10, which increases the tRNA affinity. Up to now, the role of aGAR1 in the sRNA-guided system is less understood. GAR1 interacts with the RNA substrate in eukaryal snoRNP (50) . However, this interaction seems to depend upon an additional domain present in the eukaryal protein as compared to the archaeal protein. The protein aGAR1 also develops strong contact with the aCBF5 catalytic domain (29, 30) . Nonetheless, this may not help to reinforce the capability of aCBF5 to bind tRNA. In addition, aGAR1 was proposed to increase the turnover of the H/ACA sRNP (36) . Therefore, this activity may also be needed to reinforce the aCBF5 tRNA:É55-synthase activity.
Different networks of interaction are involved in the guided and non-guided activities of aCBF5
As mentioned above, the limited number of contacts between aNOP10 and the RNA in the H/ACA sRNP (30) suggests that the observed reinforcement of tRNA association in the presence of aNOP10 largely results from subtle conformational changes in the aCBF5 catalytic domain upon aNOP10-aCBF5 interaction. Superimposition of the 3D structures of the free and RNA-bound TruB enzyme (51) with the 3D structure of aCBF5 within the aCBF5-aNOP10 heterodimer shows a comparable positioning of the catalytic residues (27) (28) (29) (30) . In the absence of 3D structure of the free aCBF5 protein, we assume that in the free aCBF5 enzyme, an induced fit process has to take place upon tRNA binding for the optimization of the active site conformation. Interestingly, our data show that distinct residues of aNOP10 are involved in activation of the RNA-guided and non-guided activities of aCBF5 ( Figure 6 ). Two conserved residues Y14 and H31 of aNOP10 were proposed to act in a common network of interactions linking aNOP10 to residue R202 in the aCBF5 catalytic site (29) . Our data strongly suggest that the correct positioning of residue R202 in aCBF5 within the H/ACA sRNP involves residue H31 but not residue Y14, whereas the correct positioning of residue R202 for efficient tRNA:É55-synthase activity depends upon residue Y14. Hence, conservation of these two residues in the course of evolution may reflect the conservation of the two enzymatic activities of aCBF5. Our data demonstrate a functional role in both the tRNA:É55-synthase activity and the sRNA-guided activities of the conserved K residue in the aCBF5 motif I (K53 in aCBF5 and its counterpart K19 in E. coli TruB) ( Figure 7 ). This residue is involved in the binding of the tRNA substrate and in the recruitment of the target RNA of the sRNP. Our data also show that the conserved P32 residue in aNOP10, which was proposed to link aNOP10 to the aCBF5 motif I (28), is essential, neither for the tRNA:É55-synthase activity nor for the sRNA-guided activity. Another illustration of the difference between the aCBF5 RNA-guided and non-guided activities is the capability of aNOP10 to compensate for the absence of the lateral chains of residues K53 and R202 in the aCBF5 tRNA:É55-synthase activity, but not in the sRNA-guided aCBF5 activity ( Figure 7A3 and B1) . Similarly, the substitution of residue K19 only has a mild effect on the TruB activity and leads to a thermosensitivity of the enzyme (52) . Interestingly, the mutation of the conserved proline in motif I in the yeast Cbf5p also leads to a thermosensitivity of this enzyme (52, 53) . In light of these data, the positive effect of aNOP10 on the K53A aCBF5 variant may consist in a structural stabilization of motif I in the aCBF5-aNOP10 complex, allowing the reaction to proceed at the 658C incubation temperature.
Residue R202 is specifically conserved in members of the TruB family. Its lateral chain is expected to interact with the 5 0 phosphate of the targeted U residue (31) . In agreement with these findings, we found that the R202A substitution affects tRNA association with aCBF5 and the binding of the target RNA on H/ACA sRNPs ( Figure 7) . Here again, protein aNOP10 can compensate for the R202A substitution. Another residue in the TruB catalytic center (Y76 from motif II) is expected to interact with the targeted U residue and is proposed to act as a general base during the catalytic mechanism (54) . Other residues in aCBF5, like Y76 and/or Y179 which are expected to be located in the vicinity of the targeted U residue, can participate to the stabilization of the targeted residue. Interaction of aNOP10 with aCBF5 may favor their activity by subtle conformational changes in the aCBF5 active site.
Conservation of the crucial flipping mechanism in aCBF5
Upon tRNA binding on TruB, the uracil base at position 55 in the TÉC loop is extruded from the tRNA structure by a base-flipping mechanism that opens the tRNA 3D structure. Residue H43 probably plays a crucial role in this activity (31) . Our observation that the mutation of residue H77, the counterpart of H43 in aCBF5, abolishes its tRNA:É55-synthase activity strongly suggests that a similar mechanism is used for tRNA modification by aCBF5. Interestingly, aNOP10 can compensate for the H77A substitution. It would be highly interesting to determine by structural analysis how residue U55 is flipped out in the aCBF5 H77A variant associated with aNOP10. We also found that the RNA-guided activity is not impaired by the H77A substitution and this may be due to the fact that extrusion of the targeted U residue in H/ACA sRNPs is mainly mediated by the interaction between the guide and the target RNAs (47, 48) .
In spite of the absence of requirement of residue H77 for H/ACA sRNP activities, it should be noted that this residue is present in the eukaryal orthologs of aCBF5. This raises the question of a possible activity of the eukaryal Cbf5p/Dyskerin enzyme at position 55 in some eukaryal tRNAs. In connection with this observation, it should be pointed out that Cbf5 was found to co-purify with the selenocysteine tRNA in the protist Euglena gracilis (55).
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